Background: Obstructive sleep apnea syndrome (OSAS) is a recognized risk factor for cardiovascular morbidity and mortality, perhaps due to causative exacerbations of systemic oxidative stress. Putative oxidative stress related to numerous episodes of intermittent hypoxia, may be an oxidants chief driving force in OSAS patients.
Background
The presence of obstructive sleep apnea syndrome (OSAS) is strongly associated with augmented morbidity and mortality from cardiovascular diseases including arterial hypertension, cardiac arrhythmias and ischemic heart disease [1, 2] . OSAS is also considered to be a risk factor of stroke and sudden cardiac death [3, 4] . There appears to be practicable links between OSAS and occurrences such as apnea-induced intermittent hypoxia (IH) of tissues, sympathetic over activities during sleep [5, 6] as well as putative oxidative stress in relation to the systemic inflammatory response [6, 7] . Primed and or activated circulating polymorphonuclear leukocytes (PMNs) and monocytes can be a source of reactive oxygen species (ROS) in OSAS patients [7] . Indeed, the in vitro incubation of whole blood under decreased partial oxygen pressure (pO 2 ≤ 46 mm Hg) resulted in the degranulation of PMNs [8] and increased ROS production [9] .
Moreover, healthy volunteers subjected to 20 min hypobaric hypoxia in a decompression chamber presented with elevated production of ROS by PMNs [10] .
Due to repeated apnea and/or hypopnea episodes, nocturnal PaO 2 can fall below 50 mmHg in OSAS patients [11, 12] and thus favor activation and enhance ROS production by means of blood phagocytes. Scanty and conflicting data concerning ROS production by blood phagocytes in the course of OSAS have been published so far [13] [14] [15] [16] . Müns et al. did not establish any alterations in ROS production accompanying ingestion of Escherichia coli by PMNs obtained from OSAS patients [13] . Other researchers have illustrated that increasing the agonist nformyl-methionyl-leucyl-phenylalanine (fMLP), induced production of superoxide radicals in isolated PMNs from OSAS patients [14] . However, the limitation of that study attributes to the control groups' significant difference in respect to age, body mass index (BMI) as well as habitual cigarette smoking. In addition, the control group included cancer patients and healthy subjects not matched to OSAS patients with comorbidity [14] . In another study Dyugovskaya et al. [15] identified subpopulations of monocytes and PMNs in OSAS patients (using the flow cytometry technique) producing more ROS than the cells from the control group. Yet, in this study, the control group also differed with regard to BMI, comorbidity and concomitant pharmacological treatment. On the other hand, the significant suppression of fMLP-induced respiratory burst of isolated PMNs was reported in patients with severe OSAS using the chemiluminescence technique [16] [17] [18] . Taking into account the divergences between these studies, we decided to monitor ROS production by PMNs and monocytes in both untreated-and CPAP-treated OSAS patients and age-, BMI-and cigarette-smoking habitmatched controls (volunteers without OSAS). Two addi-tional variables reflecting oxidant/antioxidant imbalances were determined: the H 2 O 2 activity in the whole blood [19] and the ferric reducing ability of plasma (FRAP) [20] . We found that the apnea/hypopnea episodes during sleep did not change the morning and evening intensity of the resting as well as fMLP-induced LBCL, FRAP and blood H 2 O 2 activities in the OSAS patients. These suggest a lack of apparent ROS overproduction via circulating PMNs in OSAS patients. 20 mM fMLP in DMSO, catalase in 0.9% NaCl (50 I.U/μl) and HRP in 50 mM phosphate buffer (0.925 I.U/μl, pH 7.0), 10 mM TPTZ in 40 mM HCl, and 0.028 M phenol red in water were stored in single use aliquots in the dark at -70°C. fMLP was diluted just before use with 0.9% NaCl to a final concentration 0.2 mM. Sterile, deionized, pyrogen-free water for HPLC (resistance > 18 Ωcm, Water Purification System USF ELGA, Buckinghamshire, UK) was used throughout the study.
Methods

Chemicals and solutions
Study population and polysomnography
Sixty patients that underwent polysomnography at the Sleep Laboratory were studied. Thirty-eight patients underwent diagnostic polysomonography following a preliminary diagnosis of OSAS. The remaining 22, previously diagnosed with OSAS met indication for continuous positive airway pressure (CPAP) treatment.
The inclusion criteria incorporated an age span from 40 to 70 years along with a written informed consent. The exclusion criteria involved pregnancy, presence of any active infectious or inflammatory process, chronic obstructive pulmonary disease (COPD), unstable angina, uncontrolled hypertension or hypertension diagnosed within the last three months, insulin-dependent diabetes, and any surgery within the last three months, or treatment with antibiotics, nonsteriodal anti-inflammatory drugs, vitamins as well as any food supplements with antioxidant potential within the preceding two weeks. All participants, except for patients treated with CPAP, underwent a standard overnight (7 hours from about 11:00 pm to 6:00 am) polysomnography (SleepLabPro, Jaeger, VIASYS Healthcare Hoechberg, Germany). This entailed an EEG, electrooculography, chin muscles as well as an anterior tibial electromyography (EMG), a unipolar EKG, snoring detection, body position, measurement of oronasal airflow along with abdominal and chest respiratory movements as previously described [21] . Participants previously diagnosed with OSAS, underwent a similar standard polysomnography trial CPAP treatment (CPAP Respironics, RemStar Plus, Murrysville, Pennsylvania, USA) along with a mask pressure monitoring as a substitute in measurement of oronasal flow. The polysomnography enabled differentiation in two groups of patientsthe OSAS group -27 patients with OSAS (apnea/hypopnea index, AHI>5) including the subgroup of 11 patients with severe OSAS (AHI ≥ 30), from patients without OSAS (AHI<5) who served as a control group (n = 11). The third group (CPAP-OSAS group) involved OSAS patients (n = 22), successful at the first attempt of CPAP treatment ( Table 1 , 2, and 3).
Study Design
All participants were admitted to the Sleep Laboratory at approximately 8:30 p.m., previously instructed to consume a light final meal before 7:00 p.m. Venous blood was collected twice for blood cell count and measurement of oxidative stress markers -before and after polysomnography-controlled sleep, at about 9:30 p.m. and 6:00 a.m. (just after wakening up), respectively. Nine ml of venous blood were drawn into sodium heparin vacuette tubes (placed in ice-cold water) and EDTA-K 3 vacuette-tubes (Greiner bio-one GmbH, Kremsmunster, Austria). The heparinized blood was used for measuring whole blood H 2 O 2 activity, followed by its addition to other reagents within 10 seconds from collection. Luminol enhanced whole blood chemiluminescence (LBCL) measurement procedure (EDTA-K 3 blood samples with determined blood cell count) began no later than 30 min. following blood collection. Plasma samples obtained from EDTA-K 3 blood (30 min incubation at 37°C, subsequent centrifugation for 10 min at 1500·g and 4°C) were stored at -70°C for no longer than 3 weeks until FRAP determination. Blood cell count was measured with Micros Analyzer OT 45 (ABX, Montpellier, France). In the event of an at night awakenings, only plain mineral water was allowed to be drunk ad libitum. The Medical University of Lodz Ethics Committee approved the study protocol and all participants provided a written, informed consent.
Luminol enhanced whole blood chemiluminescence assay
A luminol enhanced whole blood chemiluminescence (LBCL) technique was employed as a measure of resting and agonist induced ROS production by circulating phagocytes [17, 18] in order to avoid any priming and/or activation of oxidative cell response due to isolation procedures [18] . Moreover, to avoid any possible bias related to patients' interindividual variability and differences in comorbidity and pharmacological treatment, LBCL was measured before (evening) and just after polysomnogra- LBCL as a measure of resting and fMLP-stimulated circulating phagocytes (PMNs and monocytes) ability to produce ROS was determined according to Kukovetz et al. [17] with some modifications [22] . Briefly, 3 μl of blood sample was added to 947 μl of mixture solution (composed of 1 ml sterile Ringer solution, 200 μl 5% D-glucose solution, 3.6 ml deionized water and 5 ml 1.4 M luminol solution) which was pre-warmed in darkness up to 37°C for 60 min. The samples were placed in the 1251 luminometer (Bio-Orbit, Turku, Finland) and incubated for 30 min. at 37°C. Afterwards the resting chemiluminescence was recorded continuously for 1 min. and then 50 μl fMLP solution was added automatically to a final concentration of 0.02 mM, with continuation of the light emission measurement for an additional 7 min. All individual results were obtained as a mean of four measurements with LBCL parameters assessing resting chemiluminescence (rCl) -the average resting chemiluminescence prior to the addition of fMLP; peak chemiluminescence (pCL) -maximal chemiluminescence signal after the addition of fMLP. Total light emission (tCL) -the area under the chemiluminescence intensity curve after the addition of fMLP until its return to baseline and peak time -the time (seconds) from the addition of fMLP to the appearance of pCL were also assessed. rCL and pCL were expressed in arbitrary units (aU) per 10 4 phagocytes (PMNs and monocytes) present in the assayed sample, while tCL in aU·s/ 10 4 phagocytes. Preliminary experiments with platelet rich plasma excluded the contribution of platelets to fMLP-evoked LBCL (data not shown). Ferric reducing ability of plasma FRAP ascertainment was measured following the procedure originally described by Benzie and Strain [20] with some modifications [24] , in which Fe 3+ to Fe 2+ ion reduction at low pH caused the formation of a coloured ferrous-TPTZ complex, resulting in an increase in absorbance at 593 nm (A 593 ). Briefly, 30 μl of plasma was mixed with 90 μl of deionized water and then added to 900 μl of a FRAP reagent (pre-warmed to 37°C) while sample absorbance at 593 nm was continuously measured over 8 min. at 37°C (Ultrospec III, with a Spectro-Kinetics software). Control samples (blank) received 120 μl of water. FRAP reagent was prepared just before the assay by adding in the following order: 10 ml 300 mM acetate buffer (pH 3.6), 1 ml 10 mM TPTZ in 40 mM HCl, and 1 ml 20 mM aqueous FeCl 3 solution. Calibration was performed with a FRAP reagent containing the addition of FeCl 2 (total sample volume 1.02 ml, final concentrations from 20 to 2000 μM, 9 concentration points). Absorbance was linear (r = 0.98, p < 0.001). Intra-and inter-assay coefficients of variations tested on 10 aliquots of pooled plasma from 10 healthy donors were less than 8%. Individual results were obtained from duplicate experiments and were expressed as a concentration of Fe 3+ ions reduced into Fe 2+ after 0, 1, 2, 3, 4, 5, 6, 7 and 8 min. incubation of plasma sample with FRAP reagent. Calculations were done according to the formula: Y [μM] = 1687.9 X -3.3, where Y -concentration of Fe 3+ reduced ions, X -difference between A 593 (assayed sample) and A 593 (blank).
In vitro effect of H 2 O 2 on FRAP
Nine hundred and fifty μl of pooled plasma samples (obtained from 10 healthy donors) were mixed with 50 μl of deionized water or 50 μl of various H 2 O 2 solutions and were incubated for 5, 30 and 60 min at 37°C. The final concentration of H 2 O 2 in plasma samples were 0 μM, 47 μM, 16.5 mM, and 82.5 mM, respectively. Then the samples were centrifuged (5 min., 1500·g, 4°C) and 30 μl of plasma after mixing with 90 μl of water was added to 0.9 ml of FRAP reagent. A 593 was recorded over a 10 min. incubation period at 37°C while the concentration of reduced Fe 3+ ions was calculated as above.
Statistical analysis
All data were expressed, dependent on the distribution, as the mean and standard deviation (SD) and/or median and quartile range. Shapiro-Wilk W test was used for normality testing. The differences between groups (normal data) were assessed using an analysis of variance for independent variables. Repeated measures ANOVA was applied for dependent variables (evening vs. morning). For data not normally distributed, the Kruskal-Wallis test and Friedman test were used. In the case of significance, appropriate post-hoc tests were implicated. An additional comparison between two selected parameters with an abnormal distribution was conducted using the Wilcoxon test (for dependent variables) and the U Mann-Whitney test (for independent variables). The t-student test for dependent variables was used in comparison of two normally distributed parameters. A p value of < 0.05 was considered significant. For differences between means, the 95% confidence intervals were calculated.
Results
White blood cells, phagocytes and hematocrit
In all three investigated groups, morning white blood cell counts were lower as compared to the evening counts (p < 0.05). Evening and morning quantities of PMNs collectively with monocytes differed significantly (p < 0.05). Indistinguishable manifestations arose in the subgroup of 11 patients with severe OSAS (data not shown). This explains why the LBCL was expressed per 10 4 phagocytes despite the relatively diminutive time-interval between evening and morning blood collections, in addition to the data analysis of LBCL as a dependent variable. Conversely, hematocrit was significantly unchanged (p > 0.05) (Table  4 ). Therefore, correction of plasma volume changes in FRAP and H 2 O 2 activities in the morning data was unnecessary.
Luminol enhanced whole blood chemiluminescence
No analyzed parameters of LBCL (rCL, pCL, tCL and peaktime) altered significantly after sleep in patients with OSAS and controls ( Table 5 ). There were also no significant differences between all three of the investigated groups in respect to these parameters. Unpredictably, in all groups, the tendency (although, insignificant) to present a decreased LBCL (rCL, pCL and tCL) subsequent to sleep was prominent.
Furthermore, patients with severe untreated OSAS (n = 11) did not reveal any differences between evening and morning LBCL (p > 0.05). However, in the subgroup, the observance of the reverse tendency to increase morning LBCL parameters is notable ( Table 5 ).
Ferric reducing ability of plasma
The 3 min. incubation of a plasma sample with a FRAP reagent (containing Fe 3+ and TPTZ) is recommended in receiving the most reliable results in plasma antioxidant activity [20] . Table 6 shows this data after 3 min. incubation with no significant differences noted between evening and morning plasma FRAP within all of the analyzed groups. There were also no significant differences between the corresponding values found in OSAS, CPAP- OSAS, as well as the control groups. FRAP reflects the sum of antioxidant activities in various compounds [20] . They may encompass dissimilar potentials in reducing Fe 3+ ions, thereby varying along with the time of sample incubation in their contribution to FRAP. Therefore, we additionally analyzed the effect of apneas-induced IH events on FRAP obtained after various times of incubation. Figure 1 
Discussion
Parameters of resting and fMLP-induced LBCL were the co-primary variables in our study. The morning and rCl -the average resting chemiluminescence prior to addition of fMLP; pCL -maximal chemiluminescence signal after addition of fMLP; tCl -total light emission after cell stimulation with fMLP; peak time -the time from fMLP addition to the appearance of pCL; OSAS -patients with the untreated OSAS; Severe OSAS -patients with AHI ≥ 30; CPAP-OSAS -patients with OSAS treated successfully after a first attempt with CPAP, controls -subjects without OSAS Results expressed as mean ± SD, difference of means with 95% confidence interval (Diff and 95% CI) No significant differences (p > 0.05) were found for evening and morning LBCL parameters within and between the studied groups.
evening chemiluminescence parameters like rCL, pCL and tCL as well as FRAP were higher in OSAS patients in comparison with controls. Nevertheless, we did not find any differences between morning and evening LBCL parameters between and within the groups of OSAS, CPAP-OSAS and the matched controls. Moreover, LBCL did not rise significantly after polysomnography controlled sleep in the subgroup of patients with severe untreated OSAS. Therefore, our results suggest that OSAS related IH did not enhance ROS production by blood PMNs and monocytes. This finding is in contrast with the results of two previous studies showing increased ROS production from isolated PMNs (following stimulation with fMLP) and some subpopulations of whole blood monocytes (resting and phorbol myristate acetate -activated) of OSAS patients [14, 15] .
Apart from the absence of cell isolation procedures and the usage of monoclonal antibodies to surface cell markers possibly altering PMNs and monocytic responsiveness to agonist stimulation, there were other significant differ-ences between the protocols of our study and the aforementioned. In previous studies, the control subjects were not matched to OSAS patients in respect to age, BMI, cigarette smoking habits in addition to comorbidity [14, 15] . Moreover, both investigations did not provide information concerning concomitant pharmacologic treatment [14, 15] ; furthermore, experiments on the effect of OSAS related IH on monocytic activity were based on only 8 to 10 subjects out of the 18 enrolled [15] devoid of an unambiguous selective criterion.
In view of the fact that the majority of OSAS patients are obese often developing a variety of cardiovascular and metabolic diseases [1, 2] , there exists a challenge in finding appropriate control subjects, chiefly in respects to comorbidity and concomitant pharmacological treatment. In our study, we overcome this impediment by measuring LBCL prior to and following polysomnographic controlled sleep, formulating comparisons within and between study groups. These approaches act to possibly eliminate biases related to patient medication, inten- The sympathetic over activity in OSAS patients resulting in the rise of plasma norepinephrine and epinephrine levels [25] [26] [27] may perhaps be responsible in the insignificant changes between evening and morning blood LBCL in OSAS patients. Reports have demonstrated a higher morning (following awakening) plasma norepinephrine concentration than those before sleep in OSAS patients by 24% [25] . Nonetheless, a night of successful CPAP therapy resulted in a down-regulation of sympathetic activity as well as a decrease in circulating catecholamines by 20% [26] . Catecholamines in vitro, especially epinephrine at physiologic levels revealed concentration dependent inhibition of fMLP-induced degranulation and superoxide radical production by human PMNs [28] [29] [30] ; with a capability of suppressive monocytic activity as well [31, 32] . Therefore, exposition of circulating phagocytes to increased concentrations of catecholamines may result in their insusceptibility to the priming effect of IH in respiratory burst, assuming responsibility for the negative results in untreated OSAS patients. On the other hand, the observation of rapidly reversible sympathetic over-activation due to successful treatment [26] elucidates the indifferences among morning and evening LBCL in CPAP-OSAS group. This may result from the simultaneous reduction of IH episodes along with plasma catecholamine suppression, together with a rapid turnover of circulating PMNs; strongly supported by a recent study demonstrating the inhibitory effect of exercise on hypobaric hypoxiainduced enhancement of ROS production by PMNs in healthy volunteers [33] . It cannot be excluded that our OSAS patients encountered an inadequate amount of apneas/hypopneas, consequently observing insufficient blood desaturations to prime PMNs to fMLP stimulation.
In the abovementioned study, overnight hypobaric hypoxia decreased the average SaO 2 from a baseline of 98% to 93% concluding a high altitude stay [33] .
A decreased average SaO 2 (84%) along with minimal SaO 2 (68%) was evident in our investigated patients, particularly those with severe OSAS, due to numerous transient desaturations. The results of our study suggest that circulating phagocytes (PMNs and monocytes) are not the main culprit of OSAS consequences in the human body. It does not exclude augmented ROS production and activation of the systemic ROS signaling [7, 14, 34] . Circulating phagocytes probably do not take part in oxidative stress, which does not synonymously reject the oxidative stress presence in OSAS patients. It can take place near or exactly in blood vessel endothelium, which can significantly accelerate atherosclerosis.
Conclusion
In conclusion, untreated OSAS patients did not present with elevated resting and fMLP induced LBCL when compared with age-, BMI-, and smoking habits-matched controls. Moreover, no significant alterations of evening vs. morning LBCL, blood H 2 O 2 activities and FRAP were noted in OSAS patients. These indicate that circulating PMNs and monocytes did not produce increased amounts of ROS and did not contribute to oxidative stress in OSAS patients. OSAS -patients with the untreated OSAS; CPAP-OSAS -patients with OSAS treated successfully after a first attempt with CPAP, controls -subjects without OSAS. Results expressed as a mean ± SD represent concentration of Fe 3+ reduced ions after 3 min. incubation of plasma sample with the FRAP reagent. Diff, 95% CI -difference of means with 95% confidence interval No significant differences (p > 0.05) were found for evening and morning FRAP within and between the studied groups.
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